Many experimental and theoretical studies have suggested a significant role for nonnative interactions in protein folding pathways, but the energetic contributions of these interactions are not well understood. We have addressed the energetics and the position specificity of nonnative hydrophobic interactions by developing a continuum coarse-grained chain model with a nativecentric potential augmented by sequence-dependent hydrophobic interactions. By modeling the effect of different hydrophobicity values at various positions in the Fyn SH3 domain, we predicted energetically significant nonnative interactions that led to acceleration or deceleration of the folding rate depending on whether they were more populated in the transition state or unfolded state. These nonnative contacts were centered on position 53 in the Fyn SH3 domain, which lies in an exposed position in a 310-helix. The energetic importance of the predicted nonnative interactions was confirmed experimentally by folding kinetics studies combined with double mutant thermodynamic cycles. By attaining agreement of theoretical and experimental investigations, this study provides a compelling demonstration that specific nonnative interactions can significantly influence folding energetics. Moreover, we show that a coarse-grained model with a simple consideration of hydrophobicity is sufficient for the accurate prediction of kinetically important nonnative interactions. double mutant cycles ͉ Fyn SH3 domain ͉ Gō models ͉ HP model ͉ Langevin dynamics
ccounting for the physical interactions governing protein behaviors is key to a fundamental understanding of biological processes. In this endeavor, studies on the folding/unfolding kinetics have proven to be a powerful means for revealing transient yet important conformational states and interactions that are not accessible by equilibrium measurements (1, 2) . Empirically, folding of many small, single-domain proteins is well approximated by a two-state (3), cooperative (4) process. This observation suggests that nonnative interactions are not prominent during folding because the presence of strong nonnative interactions would be expected to result in significantly populated intermediate conformations. Accordingly, the folding of many natural single-domain proteins is seen as predominantly driven by native interactions, a process that can be described by a funnel-like energy landscape (5, 6) in which kinetic traps (local minima) are shallow or practically nonexistent along the main folding routes. For these proteins, it appears that evolution has largely designed out nonnative interactions and nonnative topology during folding (7), a feat that has not yet been matched by artificial protein design (8) . The predominance of native interactions is the basis of ⌽-value analyses for structural characterization of folding/unfolding transition states (9) . Taken together with the discovery of a strong correlation between folding rate and native topology (10) , these considerations served to justify the application of native-centric, or Go (11), modeling to protein folding (12, 13) . In these models, only native interactions are favored, whereas nonnative interactions are taken to be either neutral or repulsive.
Although this perspective is effective as a first approximation, there are physicochemical limitations on native-centric design because proteins are made up of amino acid residues from a finite alphabet and thus their energetic possibilities are restricted. The existence of nonnative interactions in folding is inevitable because residues that do not contact each other in the folded state are bound to come into contact in the variety of disordered conformations present during the folding process. It seems probable that some fraction of these nonnative contacts, such as those between hydrophobic residues, should be favorable and that they cannot be simply ''turned off'' in reality as in a Go model. Native-centric models are ill equipped to capture these effects. Indeed, nonnative interactions have been identified experimentally in the folding pathways of mutants of the ␣-spectrin SH3 (14) and Fyn SH3 (15) domains as well as that of the bacterial immunity protein Im9 (16) . In a similar vein, local propensity for a nonnative backbone conformation was found to be a strong kinetic driving force in the folding of Fyn SH3 domain, indicating that its folding transition state contains a specific nonnative conformation (17) . These experimental findings confirmed general predictions from simulations (18) (19) (20) (21) (22) and analytical theory (20, 23) that nonnative interactions can accelerate folding under certain conditions and led to the concept of ''localized frustration'' as a possible basis for the nonnative interactions in the folding intermediate of the Im7 protein (24) . However, despite these advances, a direct comparison between theory and experiment on the folding effects of specific nonnative interactions has not been performed.
In this work, we sought to better understand protein energetics and the physical constraints on sequence design by developing a coarse-grained chain model to probe the role of specific, position-dependent nonnative hydrophobic interactions in cooperative folding. For this purpose, we performed simulations of the folding of the Fyn SH3 domain using a model based on a common native-centric construct (13, 25, 26) augmented by simple pairwise hydrophobic interactions similar to that of the hydrophobic polar (HP) model (27) , wherein the hydrophobic residues are assigned according to the specific amino acid sequence of the real protein being studied. In this way, we superposed the HP-like component as a ''perturbation'' on the predominant native-centric Go model background to capture the physics of sequence-dependent hydrophobic effects, which naturally allow for the possibility of favorable nonnative interactions as in the HP model (27) . To test the results of our simulations, we performed in vitro folding kinetics studies on mutant versions of the Fyn SH3 domain (Fig. 1) . This domain, which consists of two ␤-sheets packed orthogonally against one another, has proven to be very tractable by in vitro protein folding kinetics studies (17, (28) (29) (30) , and the structure of its folding transition state has been extensively characterized. Using this combined theoretical and experimental approach, we have been able to identify specific nonnative interactions that have significant effects on the folding process. Our findings provide strong support for the proposal that specific nonnative interactions can play a role in both accelerating and decelerating protein folding.
Results

Increased Hydrophobicity at Position 53 Accelerates Protein Folding.
To delineate the energetic principles of position-specific nonnative interactions in folding, we used a common Go -type, native-centric potential for a coarse-grained protein chain model to partially capture the cooperativity achieved by evolutionary design of certain natural proteins and augmented it with an HP-like component that allows for sequence-dependent nonnative hydrophobic interactions (Materials and Methods). In this consideration, it is noteworthy that models with only an HP-like potential without a Go -like component would not be adequate for our purpose because such models lead to noncooperative folding (31, 32) . We used our model to simulate the folding kinetics of WT and mutants of the Fyn SH3 domain. The potential for the formation of nonnative interactions was investigated by simulating the effect of increasing the hydrophobicity of a variety of individual surface and buried positions across the domain (Fig. 2) . Strikingly, we found that increasing hydrophobicity ( i ) of almost all of the positions examined had little effect on the simulated folding rate of the protein (Fig. 2 A) . However, position 53 displayed a dramatic deviation from this trend because the simulated folding rate of the domain increased markedly as a function of increased hydrophobicity at this position. Position 53 is occupied by an Asn residue in the WT Fyn SH3 domain, and it lies at the second (i.e., iϩ1) position of a three-residue 3 10 -helix. Because this position is highly exposed (80% solvent accessibility) in the native state of the domain, it is surprising that hydrophobic residues here would increase the folding rate. Thus, it is likely that nonnative interactions are responsible for this phenomenon.
To corroborate the results of our simulations, we substituted position 53 with all of the naturally occurring amino acids and measured the folding rates (k f ) and unfolding rates (k u ) of each mutant in various concentrations of GuHCl using stopped-flow Trp fluorescence experiments [see supporting information (SI) Table S1 for the complete set of data]. The kinetic chevron plots of Fyn SH3 domain mutants ( Fig. S1 A and B) exhibit linear folding and unfolding arms with no signs of rollover, indicating that the mutants still followed a two-state folding mechanism. The only exception was the N53C mutant, which displayed poor-quality biexponential folding and unfolding traces. Because of this anomalous folding behavior, this mutant was excluded from our analyses. Remarkably, substitutions of large hydrophobic residues at position 53 accelerated the folding rate of the domain, most noticeably with the N53W mutant exhibiting a 3-fold increase and the N53I mutant a Ͼ2-fold increase in folding rate. Overall, the ⌬⌬G ‡3u values of all mutants at position 53, which are calculated by comparing mutant folding rates with that of the WT domain, correlated well (Pearson coefficient r ϭ 0.75) with changes in side-chain hydrophobicity (⌬⌬G h ) determined The correlation between folding transition state stability of N53 mutants (mut) calculated by using the experimental rates (Table S1 ) and side-chain hydrophobicity. The plotted quantities are normalized by that of the alanine (Ala) mutant, namely, ⌬⌬G ‡3u ϭ ϪRT ln(kf mut /kf Ala ), and the corresponding change in side-chain hydrophobicity ⌬⌬G h ϭ ⌬Gh mut Ϫ ⌬Gh Ala , where ⌬Gh is the hydrophobicity values of Fauchè re and Pliška (33) and the meanings of the superscripts are as noted above. ⌬G ‡3u corresponds to the height (Ͼ0) of the free energy barrier to folding in our notation (17, 30) , although only mutational changes of ⌬G ‡3u were considered in this study. (C) Simulated folding rates as functions of individual hydrophobicity i for 10 amino acid positions (as indicated) in a h53 background with 53 ϭ 2.0 (e.g., the N53h-D16 curve here is for an N53h, D16h double mutant of WT with a constant 53 ϭ 2.0 and variable 16).
from an experimental hydrophobicity scale for the amino acids (33) (Fig. 2B) . Thus, consistent with our simulations (Fig. 2 A) , folding kinetics experiments confirmed that hydrophobic substitutions of position 53 increase the folding rate of the domain. It is notable that the hydrophobic substitutions at position 53 accelerate both the folding and unfolding rates (Table S1 ) resulting in negative ⌽-values for these mutants; and negative ⌽-values have been implicated in many studies as an indication of nonnative interactions in the folding transition state.
NMR and X-Ray Crystallographic Analysis of the Structure of Fyn SH3
Domain with an N53I Substitution. To determine whether the mechanism of folding rate acceleration by hydrophobic substitutions at position 53 was due to nonnative interactions, it was necessary to ensure that hydrophobic substitutions at position 53 do not significantly alter the structure of the native state. For this reason, we recorded [ 1 H, 15 N] HSQC spectra of the WT and N53I mutant Fyn SH3 domain. As shown in Fig. S2 A, the [ 1 H, 15 N] HSQC spectrum of N53I mutant is minimally perturbed compared with WT, with significant resonance frequency shifts being highly localized to the site of mutation (position 53), as well as the neighboring residues. Furthermore, no peak shifts were observed for the residues of the hydrophobic core, strongly implying that the I53 side chain is not buried in the core of the protein. Thus, we conclude that no dramatic change in the native state structure of the domain is caused by introducing a hydrophobic substitution at position 53. In addition, an x-ray crystal structure of a Fyn SH3 domain mutant containing the N53I substitution (PDB structure 3CQT) shows no significant alteration of the native structure (rmsd value of 0.63 Å for 57 C ␣ residues aligned); the Ile side chain lies in the identical exposed position as the Asn side chain in the WT structure ( Fig. S2 B and C and Table S2 ).
Identification of Nonnative Contacts with Position 53. To determine the mechanism by which hydrophobic substitutions at position 53 accelerated folding, we sought to identify residue-specific interactions with this position in our folding simulations. Our first approach involved using a previously described method (25) to identify a subset of simulated conformations around the peak of a model protein's free energy profile that constituted the folding transition ensembles (TSE) for domains containing low hydrophobicity (l53) or high hydrophobicity (h53) at position 53 ( Fig. 3 A and B) . A comparison of the residue-residue contact probability maps for these two TSEs shows that increasing hydrophobic strength at position 53 led to enhanced probabilities of contacts between this position and residues 2-6 (strand a), 25-28 (strand b), and 37-39 (strand c) (Fig. 3C) . As is seen in Fig.  1 , these contacts are absent in the native state structure. We also performed further simulations similar to those shown in Fig. 2 A in which we tested the effects of increased hydrophobicity at a variety of positions in the context of a h53 domain. As expected from the contact map result, we observed that increased hydrophobicity at positions 3, 4, and 5 combined with h53 led to increased folding rates (Fig. 2C) , thus predicting that interactions between these positions and position 53, which are not seen in the native structure, would accelerate folding. This contrasts with the situation in a l53 background where increasing hydrophobicity at positions 3 and 4 did not affect the folding rate (Fig. 2 A) . A surprising result of our simulations in the h53 background was that increased hydrophobicity at positions 16, 40, 43, and 47 caused a marked decrease in the folding rate, suggesting that nonnative interactions (these positions do not contact position 53 in the native state) between these positions and position 53 would lead to a deceleration of the folding rate.
To confirm our predictions of energetically important nonnative contacts with position 53, we carried out a series of experiments on the N53I mutant of the Fyn SH3 domain as a representative for the h53 background used in the simulations.
We investigated the interactions between I53 and positions 3, 4, 40, and 47 using double mutant thermodynamic cycles based on folding rates, which probe the energy gap between the unfolded state and the folding transition state structure (⌬⌬G ‡3u ). As illustrated in Fig. 4A 4 . Thermodynamic cycles to demonstrate nonnative interactions in the folding transition state of N53 mutants. The number along each arrow is the experimentally measured change in the transition-to-unfolded free energy difference, ⌬⌬G ‡3u, in units of kcal⅐mol Ϫ1 , resulting from the mutation indicated by the arrow (see Fig. 2 legend) . Each boxed value corresponds to the interaction energy (⌬G int), which is equal to the ⌬⌬G ‡3u value for the vertical arrow on the left minus that on the right, with uncertainty estimated by using the method in the text and SI Methods. ⌬G int Ͼ 0 or ⌬Gint Ͻ 0 is indicative, respectively, of stabilization or destabilization of the folding transition state. unfolded state whereas the same substitution tested in a background with Ala at position 53 caused a small increase in the transition state stability. These data indicate that an interaction between L3 and I53 stabilizes the transition state by Ͼ0.3 kcal⅐mol Ϫ1 . By the same type of analysis, an interaction between F4 and I53 was also seen to stabilize the transition state by a similar amount (Fig. 4B) . In contrast, cycles probing the N53-L3 and N53-F4 interactions demonstrate that little interaction energy exists between these residues in the transition state structure (Fig. 4 C and D) .
The prediction that interactions between hydrophobic residues at position 53 and position 40 or 47 decelerate the folding rate was tested by using Ile substitutions at these positions. As can be seen in Fig. 4E , substitution of the WT Arg residue at position 40 with Ile stabilizes the transition state by 0.3 kcal⅐mol Ϫ1 in the context of the WT Asn residue at position 53. This stabilization can be accounted for by the increase in ␤-strand propensity caused by this substitution, which is in a position that adopts a native ␤-strand conformation in the transition state (30) . Strikingly, when the same R40I substitution was made in combination with the N53I substitution, a destabilization of 0.1 kcal⅐mol Ϫ1 was observed, indicating a negative synergy between these positions of 0.4 kcal⅐mol Ϫ1 after ␤-strand propensity effects (a feature not modeled in our simulations) were factored out. In other words, the presence of Ile at position 53 negates the stabilization caused by the R40I substitution in the WT context and adds an additional 0.1 kcal⅐mol Ϫ1 of destabilization, strongly supporting a decelerating effect on folding caused by the interaction of hydrophobic residues at these two positions. Negative synergy of a similar magnitude of 0.3 kcal⅐mol Ϫ1 is seen between Ile substitutions at positions 47 and 53 (Fig. 4F ), again consistent with our model prediction (Fig. 2C) .
Although the interaction energies detected in our thermodynamic cycles are not large (0.3-0.4 kcal⅐mol Ϫ1 ), these values are substantial relative to the total amount of Ϸ0.5 kcal⅐mol Ϫ1 stabilization of the transition state caused by the N53I substitution, and rigorous analysis of the errors in our measurements and calculations shows that these values are highly significant (SI Methods). Buttressing this point is the fact that for folding of the WT protein lacking a hydrophobic residue at 53, the extracted interaction energies between N53 and L3 or F4 were Ϸ0 (Fig. 4  C and D) . Indeed, thermodynamic cycles for other noninteracting residues we previously investigated have also resulted in interaction energy values that were very close to zero (30) , providing further support for the ability of these cycles to detect small interaction energies. To corroborate the kinetics data, Fig.  S3 shows that the ⌬⌬G f3u values of mutants used in thermodynamic cycles are strongly correlated (r ϭ 0.96) with their ⌬T m values. Analysis of the kinetic m kf values reported in Table S1 shows that the kinetic m kf values of mutants used in double mutant thermodynamic cycles deviated only slightly from WT value with an average deviation from WT value of 6%, with most deviating by 5% and none deviating by Ͼ12%. Therefore, none of the mutants possessed grossly altered transition state structures, at least in terms of compactness (34) .
Discussion
In this study, we have used a combination of computer simulations and in vitro folding studies to identify specific nonnative interactions that significantly affect the folding rate of the Fyn SH3 domain. In particular, we have shown that Leu at position 3 or Phe at position 4 and Ile at position 53 interact to narrow the gap between the unfolded state and transition state by Ϸ0.3 kcal⅐mol Ϫ1 (Fig. 4A ) even though the ␤-carbon atoms of these residues are separated by Ͼ15 Å in the native state of the domain. On the other hand, a specific interaction between Ile at position 40 or 47 and Ile at position 53, which are separated by Ϸ20 Å in the native structure, widened the energetic gap between the unfolded state and the folding transition state by 0.3-0.4 kcal⅐mol Ϫ1 (Fig. 4E) . Because of the extreme distance between these positions, only the invocation of nonnative interactions during the folding process can explain these results.
An intriguing aspect of our data is that position 53 appears to be unique among positions tested in mediating nonnative interactions when substituted with hydrophobic residues. Although we have not experimentally tested every position in the Fyn SH3 domain to detect similar effects, extensive mutagenesis studies on positions 22 (35) , positions 41 and 24 (29) , and positions 29 and 43 (unpublished results) did not uncover any correlation between increased hydrophobicity and the folding rate. A study on positions 40 and 47 did show some correlation between hydrophobicity and folding rate, but these effects likely represented native interactions because these positions are in ␤-strands where hydrophobic residues have a higher propensity for this secondary structure (30) . This is also a likely reason why the increases in folding rate caused by single hydrophobic substitutions at positions 40 and 47 (R40I and T47I data in Table S1 ) were not captured by the simulation results in Fig. 2 A (see above discussion of the nonnative h53-h40 and h53-h47 interactions). Therefore, unlike a previous study concluding that hydrophobic substitutions of the surface residues of a protein accelerate the rate of folding in an ''unspecific'' manner (14) , our analysis demonstrates that nonnative hydrophobic stabilization of a folding transition state structure is position-specific. Further illustrating a specific hydrophobic effect, the N53I mutant folded almost two times faster than the N53L substitution, suggesting that specific side chain packing plays a role in the nonnative mechanism of folding acceleration. It should be noted that another possible mechanism by which substitutions at position 53 could increase the folding rate is by increasing the local propensity for 3 10 -helix formation. However, hydrophobic residues have a low propensity for this secondary structure (36, 37) ; thus, this explanation is unlikely.
Because position 53 appears to possess unique features in our model for SH3 domain folding, it is worth considering potential explanations for this behavior. Numerous ⌽-value analyses and related experimental protein folding kinetics studies (28, (38) (39) (40) have defined the structure of the folding transition state of the SH3 domain as being highly polarized with strands b, c, and d (the ''front sheet'' in Fig. 1 ) adopting a highly native-like structure whereas strands a and e (the ''back sheet'' in Fig. 1 ) are mostly unstructured. Position 53 lies in a 3 10 -helix, which connects these two sheets, and can be seen as a hinge point in the topology of this domain, likely possessing some degree of flexibility in the folding transition state. Positions 3 and 4 definitely do not make stabilizing native interactions in the folding transition state as demonstrated in this study (i.e., these positions have low ⌽-values, see Table S1 ) and others (28, 41) . Thus, it can be imagined that, in the transition state, residues at positions 3 and 4 in the unstructured strand a could come into contact with a flexible position 53. Furthermore, because the twist of the backbone required to bring strand e into contact with strand a in the native state may be a particularly tricky topological feat, nonnative hydrophobic contacts between strand a and position 53 could serve to accelerate this difficult process, which may be partially completed before passage through the transition state. To illustrate this point, an example of a simulated structure of a molecule possessing high hydrophobicity at positions 3 and 53 is shown (Fig. 5A ). In this structure, which may resemble the transition state, strands b, c, and d adopt a native-like structure, but positions 3 and 53 are able to come into close contact because of the lack of native structure in strands a and e. Consistent with a role for the 3-53 contact in stabilizing the transition state, contact probability distribution plots indicate that the highest probability for contact between these positions occurs close to the transition state as defined by the free energy profiles also shown in these plots (Fig. 5A) . Our detection of stabilizing nonnative interactions be-tween strand a and position 53 is consistent with NMR relaxation dispersion studies on a very low populated intermediate species in the Fyn SH3 domain, which also detected nonnative interactions between these regions (15, 41) .
Because of the highly structured nature of positions 40 and 47 in the transition state, it is unlikely that the decelerating effects on folding caused by contacts between these positions and position 53 occur in this state. In accord with this idea, simulation of a domain containing high hydrophobicity at positions 47 and 53 shows that the highest probability of contact between these positions occurs in the unfolded state where this nonnative interaction could slow folding (Fig. 5B) . These data suggest that interactions with position 53 that decelerate folding are mostly formed in the unfolded state, whereas those interactions that accelerate folding are mostly formed in the transition state.
The model used here is a folding kinetics model designed to capture the essential physics of nonnative hydrophobic interactions in disordered (unfolded) and partially ordered (transitionstate) conformations without substantial formation of tight native packing. Experimental differences in mutational (28) and temperature (42) effects on folding and unfolding rates suggest strongly that the driving forces for folding and unfolding kinetics can be significantly different (43) . Evidently, folding kinetics is more influenced by ''classical'' hydrophobic effects, as characterized typically by solubility measurement of nonpolar compounds (which is the basis for the pairwise HP potential), whereas unfolding kinetics is rate-limited by the disruption of tight native packing (28, 43) . For these reasons, the pairwise hydrophobic interactions in our model should provide predictive information about the kinetic process leading up to the folding transition state, i.e., before tight packing becomes overwhelmingly important. For the same reasons, however, our model may be less adequate for unfolding kinetics and overall folding cooperativity (which are not the focus of this study) because the present approach does not consider many-body interactions that are likely important for modeling tight packing and highly cooperative behaviors (44) (45) (46) (47) (48) . The simulations and experimental work presented here have therefore focused only on folding rates and not unfolding rates or overall thermodynamic stability.
Our observations are an important addition to the growing list of theoretical and experimental studies that have suggested an important role for nonnative interactions in folding pathways (16) . What distinguishes this work from other published studies reporting nonnative interactions in folding is that we have shown that a coarse-grained folding model of the domain can be simply modified to correctly predict position-specific nonnative interactions in a folding transition state, without either implicating the knowledge of a protein transition state structure as restraints or jeopardizing drastically the native-centricity of the model. We have also demonstrated that the energetic consequence of nonnative interactions in a folding pathway can be complex, decelerating or accelerating the folding rate of a protein. Our results provide a contrast to the common belief that nonnative interactions generally stall the folding process and support the idea that negative ⌽-values may reliably report on formation of nonnative contacts and are not always a result of experimental artifacts (49) . In light of our observations that nonnative interactions can assist in folding, the widely accepted notion that folding pathways are exclusively driven by formation of native interactions needs to be revisited. Of particular interest will be future studies of other small proteins to ascertain the generality of nonnative interactions in protein folding pathways.
Materials and Methods
An HP Addition to the Go -Type Potential. The native-centric part of the energy function for our coarse-grained C␣ chain model, denoted as E0 here, follows that of refs. 13 and 25. To account for sequence-dependent nonnative hydrophobic interactions, we introduce an additional ''hydrophobicity'' term:
where rij is the C␣-C␣ distance between residues i and j and h ϭ 5.0 Å. With this choice of h, each attractive term in Eq. 1 combines with a corresponding excluded-volume repulsion term in E0 to create a smooth Lennard-Jones-like interaction with optimal attraction at distances rij Ϸ 5.0 Å. The summation is over all hydrophobic amino acid pairs ij satisfying i Ͻ j Ϫ 3 (as for the pairwise terms in E0) but excludes the native pairs because native hydrophobic interactions have already been favored by E0. Here i is the hydrophobicity strength of amino acids at position i. The complete energy function of our model is
where KHP is the overall strength of the hydrophobic forces. In the present study, alanine, valine, leucine, isoleucine, methionine, tryptophan, phenylalanine, and tyrosine are considered to be hydrophobic. Thermodynamic sampling and folding kinetic simulations were conducted by using Langevin dynamics with the same model parameters as that in Wallin and Chan (25) . Further details are provided in SI Methods and Fig. S4 .
Experimental Studies. Mutagenesis and protein purification are as described previously (50) . Details of folding kinetics experiments, NMR studies, and x-ray crystallography and folding simulations are given in SI Methods. To ensure that the small interaction energies (⌬⌬G ‡3u) extracted through thermodynamic cycles are statistically significant, we have carried out analyses of error propagation by using Monte Carlo simulations. Based on the argument provided in SI Methods, we are confident that the error margins for the fitted 
